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1     Progress over the Past Three Years 

In the last three years we have essentially completed the basic development of our (semi- 
classical) full band Monte Carlo (FBMC) simulator, and we have established practical and 
powerful numerical and analytical methods for modeling capacitive charging, and resistive 
and dissipative quantum transport in nanostructures. Here we shall only briefly review this 
work; the details of this work are described in the 18 publications listed in the next section. 
The first two and one-half years also have been summarized previously in interim reports: 

• Using a density functional theory of electron-phonon interactions, we derived deforma- 
tion potentials for our FBMC from the same ionic potentials used to calculated the 
crystal band-structure. Previously, deformation potentials had been treated essentially 
as adjustable parameters in Monte Carlo simulations due to uncertainty in their values, 
particularly in silicon [1,2,3]. 

• 

• 

• 

• 

As an initial step into true multi-scale simulations, we have combined our FBMC 
with pseudo-Hamiltonian-based calculations of transmission and reflection coefficients, 
again using the same pseudo-potentials, to model high energy electron transport over 
a GaAs/AlAs interface [4]. 

We established an entirely new "quantum Monte Carlo" method for simulating dissi- 
pative quantum transport in mesoscopic systems, that we now refer to as Schrödinger 
equation (based) Monte Carlo (SEMC), and simulated polar-optical-phonon scatter- 
ing of electrons in quasi-two-dimensional geometries with quantitative accuracy [5,6,7]. 
This particular scattering process, because it has a long range interaction potential, 
has proven to be the bane of many other methods of simulating dissipative quan- 
tum transport, even in one-dimensional simulations. This method allows us to bridge 
the gap between phase-incoherent semiclassical transport and phase-coherent quantum 
transport. 

In a primarily analytical approach to dissipative quantum transport, we showed that 
weak dissipation can be treated by introducing a position dependence to quasi-Fermi 
levels within mesoscopic structures [8,9]. 

We identified the phenomenon of the "zero-bias anomaly" in the current of p-n tunnel 
diodes, known from experience in the 1960's, as a manifestation of Coulomb Blockade 
[10]. 

We modeled a prototype atomic scale "single-electron" device to examine the require- 
ments for achieving digital functionality in such a device within the "uncertainties" 
imposed by quantum mechanics [11]. This work was subsequently discussed in Science 
News 145, January 15, 1994. 

We developed a density functional theory to calculate "quantum capacitance" in nanos- 
tructure dots, including Coulomb, size-quantization and many-body contributions to 
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the "charging" energy, and demonstrated significant deviations from classical theory 
[7,12,13, 14]. 

In recent months we have continued to build on this work: 

• Continuing with the analytical method of References 8 and 9, we examined the onset 
of collision controlled transport and estimated the critical temperature interval that 
separates ballistic and fully collision controlled transport in a simple semiconductor 
structure [15]. This work demonstrated the possibility of a a novel oscillatory "phonon- 
assisted ballistic resistance". 

• We extended the theory of quantum capacitance, establishing the atomistic connec- 
tion between the capacitive energy, the ionization potential, the electron affinity, and 
the Kohn-Sham orbital energies of the charged system [16]. The tendency of the de- 
rived quantum capacitance to limit toward the classical electrostatic capacitance as 
the system becomes macroscopically large was also demonstrated in this work. 

• We have begun optimizing a version of SEMC for structures that vary in only one 
dimension [17], such as resonant tunneling diodes and quantum well lasers. This version 
should be computationally quite efficient and allow for the ready incorporation of new 
physics while still allowing the simulation of most nanostructures of interest. 

• In parallel with SEMC, we have also begun development of an "absorbing potential" 
based method for simulating dissipative quantum transport [17]. This approach is 
designed as a computationally efficient method of simulating the essential physics of 
such transport for inclusion in standard devices simulators. It also can be used in 
SEMC to simulate the effects of subsequent scattering on the initial scattering process, 
such as finite-lifetime broadening in energy in the "final" states of the initial scattering 
process. 

• In a different project we reviewed the literature on real-space transfer effects with Dr. 
S. Gribnikov, encompassing literature on the subject from both the west and the former 
Soviet Union [18]. 

In conclusion, we believe that this ARO sponsored work of the last three years has signif- 
icantly advanced the understanding of both semi classical and quantum transport, and to 
bridge the gap between these two limits. Furthermore, we believe that FBMC, SEMC, along 
with the absorbing potential simplification, and our quantum capacitance calculations will     □ 
be the building blocks of future integrated multi-scale simulations of nanostructure devices.  
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